Filamentation induced by cAMP (Fic) domain proteins have been shown to catalyze the transfer of the AMP moiety from ATP onto a protein target. This type of post-translational modification was recently shown to play a crucial role in pathogenicity mediated by two bacterial virulence factors. Herein we characterize a novel Fic domain protein that we identified from the human pathogen Clostridium difficile. The crystal structure shows that the protein adopts a classical all-helical Fic fold, which belongs to class II of Fic domain proteins characterized by an intrinsic N-terminal autoinhibitory ␣-helix. A conserved glutamate residue in the inhibitory helix motif was previously shown in other Fic domain proteins to prevent proper binding of the ATP ␥-phosphate. However, here we demonstrate that both ATP binding and autoadenylylation activity of the C. difficile Fic domain protein are independent of the inhibitory motif. In support of this, the crystal structure of a mutant of this Fic protein in complex with ATP reveals that the ␥-phosphate adopts a conformation unique among Fic domains that seems to override the effect of the inhibitory helix. These results provide important structural insight into the adenylylation reaction mechanism catalyzed by Fic domains. Our findings reveal the presence of a class II Fic domain protein in the human pathogen C. difficile that is not regulated by autoinhibition and challenge the current dogma that all class I-III Fic domain proteins are inhibited by the inhibitory ␣-helix.
marily attributed to increased expression of two large toxins, TcdA and TcdB, which have both been shown to inactivate Rho GTPases in host cells by glycosylation of a threonine residue in the switch I region (4, 5) . However, there are contrasting reports on the pathological importance of these toxins. In one hamster study, TcdB was found to be essential for C. difficile virulence (6) . Another group found that both the A ϩ B Ϫ and A Ϫ B ϩ strains are able to cause disease in hamsters (7) , whereas a third study concluded that TcdA was the major determinant for virulence (8) . Adding to the confusion, a highly virulent strain was recently identified where the pathogenic phenotype could not be attributed to increased toxin production. Instead, this strain was shown to hold additional laterally acquired DNA containing genes of hypothetical function (9) . Therefore, increased virulence is also likely associated with accessory virulence factors, which have not yet been described.
Recently, two bacterial virulence factors, IbpA from Histophilus somni and VopS from Vibrio parahaemolyticus, were also discovered to inactivate host cell Rho GTPases by generating a phosphodiester bond with the AMP moiety on either a conserved tyrosine or threonine residue in the switch I loop (10, 11) . This modification is known as adenylylation or AMPylation and is catalyzed by the filamentation induced by cAMP (Fic) 3 domain. Fic domains have been identified across all domains of life and shown to be responsible for a multitude of functions varying from bacterial virulence effective in host cells to regulation of eukaryotic intracellular proteins (12) . SidM/DrrA from Legionella pneumophila was shown to adenylylate Rab1 GTPases and manipulate host membrane trafficking (13) . Ficmediated adenylylation is also involved in eukaryotic cell signaling (14) , and very recently the human huntingtin yeast interacting protein E (HYPE) and a homologous Drosophila Fic protein were shown to reversibly adenylylate the molecular chaperone BiP in the endoplasmic reticulum (15, 16) . Additionally, the toxin-antitoxin Fic protein complex VbhTA from Bartonella schoenbuchensis was shown to control growth of other bacteria by inactivating DNA gyrase and topoisomerase IV via adenylylation (17) .
In the absence of a protein target, Fic domain proteins are known to catalyze autoadenylylation where AMP is transferred to a residue in proximity of the active site (18 -22) . The biological significance of this self-labeling is unclear but has been proposed to either represent a reaction intermediate in the phosphoryl transfer to a target protein or function in regulation of enzyme activity (22, 23) . Some Fic domains are capable of catalyzing post-translational modifications other than adenylylation. The plant pathogen AvrAC from Xanthomonas campestris suppresses the host immune response by transferring UMP from UTP to the host kinases BIK1 and receptor-interacting protein kinase (RIPK) (20) , whereas IbpA has affinity for both GTP and ATP (24) . In addition, the cofactor specificity is not restricted to triphosphate nucleotides as the Legionella effector AnkX utilizes CDP-choline to target Rab1 GTPase with a phosphocholine modification (25) . Finally, the more distantly related bacteriophage toxin Doc inhibits bacterial translation by phosphorylating the translation elongation factor EF-Tu (26) .
Fic domains are defined by the highly conserved active site Fic motif HXFX(D/E)(A/G)N(G/K)RXXR but otherwise share very little sequence identity. Also, the Fic domains can be found either as single domain proteins or as individual domains in multidomain proteins. A typical Fic domain consists of a structural core of eight ␣-helices described as a six-helix up-anddown bundle (␣1-␣5 and ␣Ј1) with helices ␣6-␣7 lying roughly perpendicular to the bundle (18) . The highly conserved and essential histidine of the Fic motif is the catalytic residue believed to deprotonate the attacking hydroxyl group of the target protein (19, 21, 27) . Fic proteins also include the flap, either a ␤-hairpin or a loop, bridging helices ␣2-␣3, proposed to mediate substrate binding (18, 19, 23) . Recently, it was shown that adenylylation activity of some Fic domains is controlled by a conserved mechanism of ATP binding site obstruction involving an intrinsic inhibitory ␣-helix (␣ inh ) containing a conserved (S/T)XXXE inh (G/N) inhibitory motif (21) . The mechanism of inhibition is divided into three different classes depending on whether ␣ inh is provided intermolecularly by an interacting antitoxin (class I) or positioned intramolecularly in the Fic protein either as an N-terminal (class II) or a C-terminal (class III) ␣-helix. The conserved glutamate in this inhibitory motif, Glu inh , has been found to cause a steric hindrance of proper positioning of the ATP ␥-phosphate (21, 28) . This autoinhibition was further supported by substitutions of Glu inh with either alanine or glycine, which resulted in increased levels of autoadenylylation as well as target adenylylation in vitro (15, 16, 21, 28) .
We have previously identified a novel Fic domain protein, CdFic, from the Gram-positive human pathogen C. difficile (29) . To elucidate the molecular function of CdFic, we have structurally characterized the purified protein both with and without ATP bound in the active site. We show that CdFic forms a stable dimer despite an unusually small interaction interface. Furthermore, ATP binding triggers a transition of the flap from a disordered/open to an ordered/closed conformation. Although the overall structural fold is similar to other Fic domains, we show that CdFic binds ATP as well as catalyzes autoadenylylation independently of the inhibitory motif.
Experimental Procedures
Cloning, Purification, and Crystallization-The gene (CDR20291_ 0569) from C. difficile strain R20291 (accession number YP_003217073) encoding CdFic and the CdFic SE/AA mutant (containing S31A and E inh 35A substitutions in the inhibitory motif) with a C-terminal His 6 tag was cloned, expressed, and purified as described previously (29) . Codons 37 (AGT), 38 (ACT), 57 (CAT), 163 (GAT), and 200 (AGA) encoding serine, threonine, histidine, and arginine, respectively, were substituted by alanine codons (GCT) using QuikChange site-directed mutagenesis according to the manufacturer's instructions (Agilent Technologies). The Escherichia coli expression plasmids pFVS0015 and pFVS0059, encoding NmFic and the NmFic E186G mutant, respectively, from Neisseria meningitides were kindly provided by Schirmer and co-workers (21) at Biozentrum, University of Basel. After induction in E. coli BL-21 cells, NmFic and NmFic E186G were purified by nickel affinity chromatography using standard procedures. Crystallization experiments were performed using sitting drop vapor diffusion at room temperature. CdFic crystallized in a 2-l drop with a 1:1 ratio of protein:reservoir solution containing 25% (w/v) PEG-8000, 0.2 M MgCl 2 , and 0.1 M Hepes, pH 7.5. CdFic SE/AA crystallized in a 4-l drop with a 3:1 ratio of protein: reservoir solution containing 25% (w/v) PEG-3350, 0.2 M MgCl 2 , and 0.1 M Hepes, pH 7.5. Finally, CdFic SE/AA -ATP crystals were obtained by gradually soaking drops of CdFic SE/AA crystals with increasing amounts of a 10 mM stock solution of ATP dissolved in reservoir buffer and incubated at room temperature for 20 min. The crystals appeared within 24 h with use of freshly prepared streak seeds from initial smaller crystals using the Seed Bead (Hampton Research). Crystals were flash cooled in liquid N 2 after a cryoprotective solution containing reservoir solution and 20% (v/v) glycerol was gradually added to the drop.
Data Collection, Reduction, and Structure Solution-X-ray diffraction data on CdFic crystals were collected to 3.1-Å resolution at beamline ID23 at the European Synchrotron Radiation Facility ( ϭ 0.979 Å, 100 K). CdFic SE/AA data were collected to 1.8-Å resolution at beamline I911-2 at the MAX-II Laboratory in Lund, Sweden ( ϭ 1.038 Å, 100 K). Data on the CdFic SE/AA -ATP complex were collected to 2.5-Å resolution at European Synchrotron Radiation Facility beamline ID29 ( ϭ 0.900 Å, 100 K). All data sets were integrated and scaled by XDS (30) . After integration and scaling, all three structures were solved by molecular replacement using the CCP4i module Phaser (31) with the previously solved structure of the signaling protein BtFic from Bacteroides thetaiotaomicron (Protein Data Bank code 3CUC) having 26% sequence identity to CdFic as a search model. Initial rigid body and restrained refinement was carried out using REFMAC5 (32) before iteratively rebuilding the structure using Coot (33) and finally refining it in Phenix (34) including Translation, Liberation, Screw groups (35) . For the CdFic and the CdFic SE/AA -ATP structures, NCS restraints were introduced during the refinement steps in Phenix. The atomic coordinates are deposited at the Protein Data Bank. All the structural figures were prepared using PyMOL (36) . The buried surface area of the dimer was calculated using PDBePISA (37) .
Small Angle X-ray Scattering (SAXS)-All SAXS synchrotron radiation data were collected at beamline I911-4 at the MAX-II Laboratory as 4 ϫ 30-s exposures of a 20 -30-l sample, and scattering profiles were compared to detect radiation damage. The buffer consisted of 20 mM Tris, pH 7.5, 100 mM NaCl 2 , 5 mM MgCl 2 , and 5 mM 2-mercaptoethanol. Data were collected at 0.91-Å wavelength at 10°C using a hybrid pixel Pilatus 1M detector (Dectris). To detect concentration-dependent interparticle effects, measurements were collected at multiple protein concentrations in the range of 0.65-5 mg/ml. The data collected at 2.6 mg/ml were used for further analysis as concentrations above this exhibited minor interparticle effects. Background buffer scattering was subtracted using PRIMUS (38) , part of the ATSAS package (39) . Pairwise distance distribution function P(r) and the maximum particle dimension D max were computed using GNOM (40) . The Porod volume was calculated using ATSAS AUTOPOROD (41) and used for molecular weight estimation. Fits between the theoretical SAXS scattering of the crystallographic models and the experimental SAXS data were analyzed using CRYSOL (42) with data below the linear Guinier region removed. The agreement between the theoretical scattering data that were back-calculated from the indicated atomic resolution structures and those of the experimental data were evaluated by means of the 2 values (42) as well as by visual inspection of the curves.
where N is the number of experimental points, (s i ) is the experimental errors, and the scaling factor c is as follows.
Ab initio shape envelope modeling was performed using DAMMIF (43) with both P1 and P2 symmetry constraints. 20 DAMMIF runs were computed, and DAMAVER (44) was used to align and compare the resulting models. The model with the lowest normalized spatial discrepancy was used as a representative, and an envelope was generated based on the DAMMIF bead model using Situs pdb2vol (45) . A model for the flexible flap was computed using ensemble optimization method (EOM) (46, 47) and was manually docked into the envelope using USCF Chimera (48) . Differential Scanning Fluorimetry (DSF)-The experiments were performed as described previously (49) . A total reaction volume of 25 l containing either 2 M CdFic or CdFic SE/AA was mixed with ligand at concentrations ranging from 0 to 17 mM (at ATP 99%, ADP 95%, PP i 99%, GTP 95%, CTP 95%, or UTP 96% purity; Sigma) in a buffer consisting of 50 mM Hepes, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , and 5 mM 2-mercaptoethanol and incubated for 20 min at room temperature in 96-well real time PCR plates (triplicates). The ligand concentrations were 7.5, 15, 30, 60, 125, 250, and 500 M and 1, 2, 4, 6, 8, 10, 12, 15, and 17 mM. SYPRO Orange (Sigma) was added to each well at 5ϫ concentration, the plate was exposed to a temperature gradient ranging from 4 to 95°C in a 7500 Real Time PCR System machine (Life Technologies), and the fluorescence of the dye was measured at an emission of 569 nm. The gathered data were exported and plotted in GraphPad Prism for analysis.
In Vitro Autoadenylylation-Autoadenylylation activity was assessed in an assay using 200 ng of purified recombinant protein (CdFic, CdFic SE/AA , CdFic S37A , CdFic T38A , CdFic H57A , CdFic H163A , or CdFic R200A ) in 30 l of reaction buffer containing phosphate-buffered saline, pH 7.4, 4 mM EGTA, 5 mM MgCl 2 , and either 10 Ci of [␣-32 P]ATP or 10 Ci of [␣-32 P]CTP. Reactions were incubated at 30°C for 1 h and stopped by adding 30 l of 2ϫ Laemmli sample buffer (Sigma), and 20 l was resolved by SDS-PAGE. Dried gels were exposed to Bio-Rad phosphorimaging screen-K, scanned on a Typhoon 9410 (GE Healthcare), and quantified using the ImageQuant TL program (GE Healthcare). Short exposures are 15 min; long exposures are 2 h. For comparing CdFic and CdFic SE/AA activity with NmFic and NmFic E186G , purified protein was used in the amounts specified in Fig. 6 legend.
Mass Spectrometry-CdFic SE/AA (4 g) was incubated with either ATP or the isotope-labeled [ 13 C 10 , 15 N 5 ]adenosine 5Јtriphosphate derivative at 10 mM (Sigma; purity, Ͼ97% and Ͼ98%, respectively) in a buffer consisting of 20 mM Tris, pH 7.5, 100 mM NaCl 2 , 5 mM MgCl 2 , and 5 mM 2-mercaptoethanol for 1 h and separated by SDS-PAGE. The bands were excised from the gel, washed, in-gel-reduced, S-alkylated with iodoacetamide, and digested with trypsin as described (50) . The formed peptides were extracted, dried in a vacuum centrifuge, redissolved in 5% formic acid, and subjected to a desalting/concentration step using StageTips as described (51) . Desalted peptides were loaded on an Acclaim PepMap C 18 precolumn (300 ϫ 5 ϫ 5 mm; Dionex) and separated using an Acclaim PepMap100 C 18 analytical column (75 ϫ 150 ϫ 3 m, 3-m particle size; Dionex) by a 75-min gradient controlled by a Dionex Ultimate 3000 system connected to an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) equipped with a nanoelectrospray source (Proxeon, Odense, Denmark). The flow rate was 200 nl/min; the mobile phases consisted of solvent A (2% (v/v) acetonitrile and 0.1% formic acid) and solvent B (95% (v/v) acetonitrile and 0.1% (v/v) formic acid). The gradient went from 0 to 45% solvent B in 65 min followed by 10 min with 100% solvent B; then data acquisition was stopped, and the column was re-equilibrated with solvent A. MS data were acquired recording full scan spectra (mass/charge (m/z), 250 -1,800) in the Orbitrap with 60,000 resolution at 400 m/z. MS/MS data were recorded in parallel in a data-dependent mode, fragmenting the five most abundant ions (charge state, ϩ2 or higher) by collision-induced dissociation in the LTQ ion trap at 35% collision energy. MS/MS spectra were recorded using dynamic exclusion (30 s) to minimize repeated fragmentation of the same peptides and analyzed using MaxQuant version 1.4.1.2 (52) for peptide and protein identification using the built-in Andromeda search engine (53) . The following settings were used: His 6 -CdFic SE/AA sequence (29) with search against common contaminant sequences enabled; variable modifications adenylylation (STY; ϩ329.05 Da), heavy adenylylation (STY; ϩ344.07 Da), oxidation (Met), and acetyl (protein N-terminal); fixed modification, carbamidomethyl (Cys); labels, none; peptide false discovery rate, 1%; protein false discovery rate, 1%; match between runs, 1 min; keep low scoring version of identified peptides, on; all other settings, left at the default settings. After automatic identification of the adenylylated peptides by MaxQuant, the corresponding MS/MS spectra were subjected to manual inspection, and diagnostic ions of 348.1 (AMP) and 363.2 Da ([ 13 C 10 , 15 N 5 ]AMP) were observed as described previously (54) and further confirmed the adenylylation of the IAGSTFTTEALALLLDK peptide.
Results
Crystal Structure of CdFic-To investigate the structure and function of the newly identified Fic protein from C. difficile (29) , we solved the x-ray crystal structures of CdFic as well as the ␣ inh mutant CdFic SE/AA . This double mutant was chosen hoping that autoinhibition would be released and that ␣ inh would dissociate from the nucleotide binding pocket as seen previously in the NmFic SE/AA mutant structure (21) and thus result in a more active enzyme. Moreover, by soaking CdFic SE/AA crystals with ATP, we also solved the structure of CdFic SE/AA in complex with ATP and Mg 2ϩ . The maximum resolution of the diffraction data were 3.1 Å for CdFic, 1.8 Å for CdFic SE/AA , and 2.5 Å for the CdFic SE/AA -ATP complex with final R free values of 28.6, 21.8, and 23.3%, respectively. The three structures were solved by molecular replacement using the homologous BtFic from B. thetaiotaomicron as a search model (Protein Data Bank code 3CUC). According to PROCHECK (55), Ramachandran plots for the three structures show that all residues are within the allowed region except for a single outlying residue in the CdFic SE/AA -ATP structure. The details of the data collection and refinement are provided in Table 1 . The CdFic SE/AA structure contains two molecules in the asymmetric unit (AU) and belongs to space group P2 1 2 1 2 1 , whereas both the CdFic (space group C222 1 ) and the CdFic SE/AA -ATP (space group C2) structures contain four molecules in the AU. In the CdFic SE/AA structure, the ATP binding sites of both molecules in the AU are blocked by a glutamate in the C terminus of a symmetry-related molecule. Luckily, the crystallization condition for CdFic SE/AA also produced another crystal form containing four molecules in the AU of which two of the molecules have an unoccupied binding site. This was the only crystal form in which we were able to soak ATP into the binding site. Similarly, only two of the four molecules in the AU of the CdFic crystal had unoccupied ATP binding sites, but attempts to soak ATP into the binding site of these crystals were unsuccessful.
The overall conformation of the three structures is highly isomorphous with a root mean square deviation of 0.49 Å between the A chains of CdFic and CdFic SE/AA as calculated by the SSM Superpose tool in Coot using 197 C␣ atoms. The CdFic a Values in parenthesis are for the highest resolution shell. b Percentage of correlation between intensities from random half-data sets (65) .
. Redundancy-independent R factor calculated on intensities (66) . d R ϭ ΑʈF obs ͉ Ϫ ͉F calc ʈΑ͉F obs ͉ where ͉F obs ͉ and ͉F calc ͉ are observed and calculated structure factor amplitudes, respectively. e The R free value was calculated with a random 3 or 5% subset of all reflections excluded from refinement. structure reveals a classical ␣-helical Fic fold with stacking of three consecutive helix-loop-helix elements (Fig. 1, A and B) . In the Fic core element, the Fic motif (residues 163-174) bridges helices ␣4-␣5, whereas the flap bridges helices ␣2-␣3. CdFic contains three additional N-terminal helices as an extension to the Fic core of which the middle helix adopts a location deeply embedded in the Fic core that is analogous to an N-terminal ␣ inh (Fig. 1, A and B) . This N-terminal ␣ inh places CdFic among the class II Fic domain proteins (21) and harbors the proposed inhibitory motif residues Ser-31/Glu inh -35, which are situated in the C terminus of the ␣ inh helix. Structural alignment of CdFic with BtFic from B. thetaiotaomicron, the human HYPE, the second Fic domain of Histophilus somni, IbpAFic2, and HpFic from Helicobacter pylori reveals a common arrangement of the Fic core domain consisting of helices ␣1-␣7 (Fig. 1C ). Interestingly, in the CdFic SE/AA structure, there is well defined electron density for the ␣ inh helix, and its position is equivalent to the corresponding helix in CdFic (Fig. 1D ). Hence, replacing these two residues in the inhibitory motif does not destabilize the ␣ inh helix as seen for the corresponding SE inh /AA mutant of the class III NmFic protein (21) . This is not surprising because the interaction surface between ␣ inh and the CdFic core consists mainly of hydrophobic residues ( Fig. 1E ), which likely stabilize the core of the protein. In support of this, attempts to express and purify a CdFic(⌬1-40) deletion mutant resulted in a highly insoluble protein, indicating that removal of the first two ␣-helices including ␣ inh dramatically alters the properties of the protein.
In both the CdFic and CdFic SE/AA structures, the major part of the flap is missing from the electron density maps and is supposedly flexible (Fig. 1, A and D) . However, in the ATPbound structure, the entire flap is ordered and almost completely covers the adenine base, leaving only the three phosphates solvent-exposed ( Fig. 1F ). Only molecule A of the four chains in the AU contains the ATP cofactor in the binding site as symmetry-related molecules block the binding site of molecules C and D. Molecule B does have an unobstructed binding site; however, movements of the flap are possibly prevented by a symmetry-related molecule D, and loop closure by the flap is likely necessary to lock the ATP in the binding site. Conversely, the binding site of molecule A is surrounded by enough space to allow loop closure after ATP binding without disrupting any crystal contacts. Of all 10 molecules within the AUs of the three different CdFic crystal structures, the entire flap is only visible in the molecule with ATP bound. This is unlikely to be a coincidence and strongly suggests that ATP binding triggers a transformation of the flexible flap from a disordered/open to an ordered/closed conformation. As the flaps in other Fic domain proteins structures without ATP are either well defined or only partially disordered (19, 23, 56) , the flap in CdFic seems particularly flexible without ATP.
Non-obstructed ATP Conformation-The CdFic structure contains the classical Fic nucleotide binding features consisting of a hydrophobic adenosine binding pocket, the ribose-coordinating arginine, and the GNG anion hole of the Fic motif. In the nucleotide binding pocket of the CdFic SE/AA -ATP structure, there is well defined electron density for an intact ATP molecule coordinating a Mg 2ϩ ion ( Fig. 2A) . The adenosine is locked into a pocket formed among helix ␣4, ␣6, and the flap (Fig. 1F) where Val-122, Ile-124, Leu-161, Leu-203, and Ile-117 form a hydrophobic patch. Only a single hydrogen bond is formed between the surrounding residues (Asn-204) and the adenine base ( Fig. 2B ). As in other Fic Glu inh /Gly mutant structures in complex with ATP, the ribose is primarily coordinated by hydrogen bonds to the conserved Fic motif Arg-174 and Tyr-199, which help tether the middle of the nucleotide (Fig. 2B ) (21, 56) . Also, the GNG anion hole and the catalytic Fic motif histidine are situated similarly to other Fic domains. Hence, the Fic motif in the ATP binding pocket is highly conserved and shows no structural features deviating from other ATP-binding Fic domain proteins. Despite this, the ATP phosphates in the CdFic SE/AA -ATP structure are positioned significantly differently in comparison with those of other Fic Glu inh /Gly mutant structures in complex with ATP or ATP analogues (Fig. 2C ). In the CdFic SE/AA -ATP structure, the ␥-phosphate forms an elaborate network of hydrogen bonds to both GNG backbone amide nitrogens and to Arg-171 of the Fic motif ( Fig. 2B ). To our knowledge, only one other Fic structure, the VbhT-VbhA-ATP complex (Protein Data Bank code 3ZC7), has a ␥-phosphate positioned similarly within the GNG anion hole. However, the substitution of Glu inh with a glycine in VbhA allows the ␥-phosphate to move out of the anion hole and into a position overlapping with the Glu inh side chain (Protein Data Bank code 3ZCB). Instead, in all other E inh /G Fic mutant structures in complex with ATP or ATP analogues published to date, the anion hole is responsible for coordinating the ␣and ␤-phosphates with the asparagine in the Fic motif, forming a salt bridge to the ␣-phosphate ( Fig. 2D) (21, 28, 56) . In the CdFic SE/AA -ATP structure, however, the ␣and ␤-phosphates are pulled away from the anion hole toward the opposite side of the active side cleft, and the ␣-phosphate instead forms a salt bridge to Arg-200 positioned in helix ␣6 of the Fic core ( Fig. 2E ).
Structural alignment of known Fic structures shows that CdFic is the only Fic protein containing an arginine at this position as other Fic domain structures predominantly have hydrophobic residues at the structurally equivalent position (Fig. 2, D  and F) . The Arg-200 residue might therefore explain the unique orientation of the ATP phosphates in CdFic. The carboxylic side chain of Asp-167 in the Fic motif of CdFic SE/AA helps coordinate a Mg 2ϩ ion together with the ATP ␤and ␥-phosphates (Fig. 2, B and E) . This type of coordination is also in contrast to other Fic-ATP structures where the Mg 2ϩ ion is instead situated between the ␣and ␤-phosphates (Fig. 2, C and D) . The coordinated Mg 2ϩ ion in CdFic, however, suggests that ATP binds in an adenylylation-competent conformation. Furthermore, this arrangement of ATP phosphates in the CdFic SE/AA -ATP structure implies that Glu inh would not obstruct proper positioning of the ␥-phosphate in wild type CdFic. A superposition of the CdFic and CdFic SE/AA -ATP structures shows that Glu inh in CdFic is positioned immediately below the ␥-phosphate and that the position of the glutamate side chain is replaced by a water molecule in the CdFic SE/AA -ATP structure that forms hydrogen bonds to both the ␥-phosphate and Arg-174 ( Fig. 2G) .
CdFic Dimerization Interface and Active Site Closure-In all three CdFic structures, two molecules form the same type of The position of ␣ inh is labeled inh, and TPR is the tetratricopeptide repeat motif of HYPE. D, crystal structure of CdFic SE/AA . The inhibitory motif substitutions S31A and E inh 35A are represented with sticks and highlighted by arrows. The electron density for ␣ inh is shown in gray. E, the interaction surface between the ␣ inh helix (dark yellow) and residues in the CdFic core (green) with the ␣ inh surface envelope colored in gray. F, crystal structure of the CdFic SE/AA -ATP complex shown in two orientations related by a 90°rotation about the horizontal axis. ATP is represented with black, blue, red, and yellow sticks, and the ordered/closed flap is colored in red. (64), and the alignment was calculated based on the structural superposition and visualized using the CLC Main Workbench 7.5.1. (Qiagen Bioinformatics). The conservation below 30% identity is not colored, but a progressively darker red color represents conservation in the 30 -100% range. The position of Arg-200 residue is shown with green boxes. The fractional conservation is represented below the alignment using bars and sequence conservation with sequence logo. G, superposition of the inhibitory motif residues Ser-31/Glu inh -35 in CdFic (dark yellow) with the CdFic SE/AA -ATP structure (gray). The ATP from the CdFic SE/AA -ATP structure is colored in gray, and a water molecule from the CdFic SE/AA -ATP structure is shown in red color interacting with both the ␥-phosphate and the Fic motif Arg-174 and is in an overlapping position with the Glu inh -35 side chain of the CdFic structure. dimer (Fig. 3A) . The interface is formed by a short loop situated between helices ␣1 and ␣Ј1 (residues 51-59) in the N-terminal extension to the Fic core ( Fig. 1B) and buries only ϳ6% (642 Å 2 ) of the total surface area (10,755 Å 2 ). However, as we have shown previously by size exclusion chromatography (SEC), the dimer is very stable and elutes as a single monodisperse peak (29) . There are six direct hydrogen bond interactions involving only backbone amide nitrogens and carbonyls in the loop, and three water molecules mediate contact between the two monomers (Fig. 3A) . The loop conformation is structured mainly by residues Arg-56, His-57, and Asp-61, which tether the loop backbone through hydrogen bond interactions with Ser-37 and Thr-38 in the ␣ inh -␣Ј1 loop. The conformation, but not the sequence, of this minimal dimerization interface is similar to the homologous BtFic (Protein Data Bank code 3CUC) and the human HYPE (56), both likewise situated on a small loop bridging helices ␣1-␣Ј1 (Fig. 1C) . The ␣1-␣Ј1 loop in BtFic is also stabilized and tethered by hydrogen bonds to residues in the ␣ inh -␣Ј1 loop but also shows no sequence conservation to the structurally equivalent residues in CdFic (Fig. 3A) . Interestingly, although CdFic and BtFic share a highly similar relative orientation of the two monomers in the dimer, one monomer of the HYPE dimer is rotated by ϳ50°relative to the corresponding CdFic monomer as calculated by DynDom3D (57) (Fig. 3B ). This rotation could either be a consequence of the HYPE crystal contacts or a result of the additional dimerization interface formed between residues in the ␣2 helix of the two HYPE monomers (56) .
To corroborate our previous SEC results, we probed the oligomeric state of CdFic in solution by SAXS on purified CdFic SE/AA (Fig. 4A) . The pairwise distance distribution function P(r) strongly suggests that CdFic is a dimer in solution as the longest particle dimension (D max ) is 106.4 Å and the longest dimension of the monomer in the crystals is ϳ50 Å. The CdFic SE/AA scattering profile was fitted and compared with the theoretical scattering profile of either the CdFic SE/AA dimer or monomer using CRYSOL (42) (Fig. 4A ). The visual inspection shows considerably better fit to the dimer than the monomer, which is also supported by the calculated values of 2 ϭ 3.20 and 2 ϭ 13.07, respectively. However, the fit includes significant deviations that are likely explained by the presence of the 24-residue flap in each of the monomer units. These two loops of the dimer contribute to scattering of x-rays in solution but are flexible and not visible in the CdFic/CdFic SE/AA crystal structures without ATP (Fig. 1, A and D) . These deviations were not resolved by fitting the CdFic SE/AA -ATP dimer containing a well defined and closed flap ( 2 ϭ 3.92), suggesting that the flap does not adopt a closed conformation in solution (Fig. 4B) . To determine the solution conformation of the flexible flap, we made use of recent developments that allow for rigid body modeling of known crystal structures to be combined with shape reconstruction of missing loops (58) . A loop model was initially computed using Coral (58) , resulting in an improved fit ( 2 ϭ 1.78) but still containing significant deviations (data not shown). Subsequently, we used EOM, which enables analysis of flexible protein structures (46, 47) . A pool of 10,000 independent models based on the flap sequence was initially generated, and a genetic algorithm was performed comparing the averaged theoretical scattering intensity from an ensemble of conformations with the experimental data. Two models were obtained by the ensemble, and CRYSOL (42) was used to compute a fit to the experimental SAXS data. Visual inspection reveals that the inclusion of the disordered flap modeled by EOM considerably improves the fit over the entire scattering angle range below 0.3 Å Ϫ1 ( 2 ϭ 1.13) (Fig. 4B ).
Next, we performed three-dimensional ab initio shape reconstructions of the CdFic SE/AA dimer using DAMMIF (43) . As models generated with P1 symmetry strongly suggest the presence of an extended two-domain particle, a P2 symmetry constraint was introduced. The mean normalized spatial discrep- ancy was 0.861, and the model with the lowest discrepancy (normalized spatial discrepancy, 0.734) was used as a representative ( 2 ϭ 1.008). Docking of the CdFic SE/AA crystal structure lacking the flap into the low resolution ab initio envelope shows that the envelope contains a larger volume and that this additional volume is well occupied by the EOM flap reconstructions representing the open flap conformation (Fig. 4C) . Superposition of the solution conformation of the flap as determined by SAXS EOM analysis and the ATP-bound CdFic SE/AA crystal structure reveals that the flap adopts an open/flexible conformation in the free state and undergoes considerable transition of ϳ27 Å into a closed/ordered conformation upon ATP binding (Fig. 4D) .
Cofactor Binding-To characterize ligand binding and specificity of CdFic and CdFic SE/AA , we used DSF (49, 59) . By incubating 2 M CdFic with ATP concentrations ranging between 0 and 17 mM, the melting temperature (T m ) showed a maximum increase of stability (⌬T m ) of 3.9°C (Fig. 5A) . The T m values determined at each ATP concentration were plotted versus the ATP concentration, resulting in a sigmoidal curve with a midpoint value around 2 mM and reaching a plateau at ϳ10 mM ATP (Fig. 5B) . We also performed identical assays using CdFic with increasing concentrations of ADP, PP i , GTP, CTP, or UTP ( Fig. 5, B and C) . The largest increase in stability is obtained with ATP, ADP, and PP i followed by GTP, which triggers an intermediate stability shift, whereas CTP/UTP pyrimidines do not significantly induce CdFic stability. Hence, the PP i moiety, which alone is able to induce stability significantly, is not sufficient for pyrimidine nucleotides to stabilize CdFic. Finally, to assess the importance of the inhibitory motif residues Ser-31 and Glu inh -35 on ligand binding, we performed identical assays using the CdFic SE/AA mutant (Fig. 5, D and E) . Interestingly, the CdFic SE/AA nucleotide binding profile is almost identical to that of CdFic (Fig. 5F) .
CdFic Autoadenylylation-In the absence of a known physiological protein target, autoadenylylation is a useful read-out to assess adenylylation activity of Fic domain proteins (28) . To determine whether CdFic is able to not only bind ATP but also catalyze AMP transfer, we incubated the purified protein with radioactively labeled [␣-32 P]ATP before visualizing labeled gel bands by phosphorimaging. We found that, despite the presence of an intact proposed inhibitory motif, CdFic is able to catalyze autoadenylylation in vitro (Fig. 6A ). We also tested for self-labeling using the CdFic SE/AA inhibitory mutant and found that the activity is essentially identical to that of the wild type protein and therefore independent of the inhibitory motif in FIGURE 4 . SAXS analysis. A, CdFic SE/AA SAXS scattering curve is shown in gray as relative log(intensity) versus inverse scattering angle. The Guinier plot (log I(q) versus q 2 ) and a table with general SAXS parameters are both shown as insets. MW (monomer) is the mass calculated from the sequence, whereas MW (SAXS) is the mass estimated using the Porod volume. CRYSOL (42) fits between experimental SAXS data and the theoretical/calculated scattering profile are shown as colored curves. The fit to the CdFic SE/AA monomer is shown as a blue curve, whereas the fit to the CdFic SE/AA dimer is shown as a green curve. The resulting values ( 2 ) are shown next to the schematic models. B, the same experimental CdFic SE/AA SAXS scattering curve as in A is shown in gray color. The CRYSOL fit to the theoretical/calculated scattering profile of the CdFic SE/AA -ATP dimer structure including an ordered/closed flap is shown as a black curve. The CRYSOL fit to the CdFic dimer structure including the EOM (46, 47)-generated model of the flap is shown as a red curve. C, the three-dimensional shape reconstruction of the ab initio envelope calculated by DAMMIF using P2 symmetry is shown in transparent gray color. The CdFic SE/AA dimer structure with the two monomers shown in green and blue, respectively, is docked in the SAXS envelope. accordance with the DSF assay and the CdFic SE/AA -ATP crystal structure. As a negative control, replacement of the highly conserved catalytic Fic motif His-163 with an alanine shows no sign of autoadenylylation activity, confirming that activity is driven by the Fic motif. Also, to determine whether dimerization is important for the activity, we replaced His-57 involved in stabilizing the dimerization interface (Fig. 3A) with alanine, expecting that this would disrupt dimerization. However, SEC revealed that H57A elutes as a single peak corresponding to a dimer as described previously for CdFic and CdFic SE/AA (29) . Surprisingly, although dimerization of this mutant is not disrupted, we found that the H57A point mutation enhances selflabeling dramatically (Fig. 6A) . Conversely, four different point mutations in the dimerization interface of HYPE, of which only one resulted in a monomeric form, all had a negative impact on autoadenylylation activity (56) . We also tested for modification by CMP of CdFic, CdFic SE/AA , or CdFic H57A using [␣-32 P]CTP, but in accordance with the thermal shift assay we found no detectable self-labeling higher than that of the background even after longer exposure, again using the H163A mutant as a negative control (Fig. 6B ). Hence, in agreement with the thermal shift assay as well as the crystal structures, ATP is the preferred substrate over CTP, and CdFic inhibitory motif residue Glu inh does not obstruct either nucleotide binding or autoadenylylation activity. We also assayed the importance of the Arg-200 residue for activity as this arginine forms a salt bridge to the ␣-phosphate of ATP ( Fig. 2E) and is found only in CdFic among the Fic domains structurally determined to date (Fig. 2, D and  F) . Indeed, we found that the R200A point mutation results in a more than 6-fold reduction in autoadenylylation activity, highlighting its importance for the reaction mechanism of CdFic ( Fig. 6C ). This result further validates the non-obstructed ATP conformation seen in the CdFic SE/AA -ATP crystal structure. However, although autoadenylylation activity of CdFic is independent of the ␣ inh helix, the activity is still less than that for both NmFic and the dramatically more active ␣ inh mutant NmFic E186G when assayed under identical conditions (Fig. 6D) .
To identify the autoadenylylation acceptor site, we performed mass spectrometry analysis of CdFic SE/AA incubated with ATP. The location of the acceptor site was traced to a single tryptic peptide (supplemental Fig. 1, A-C) . The MS2 spectra narrowed down the site to either Ser-37 or Thr-38, both residues located in the ␣ inh -␣Ј1 loop. As a control experiment, the same analysis was conducted without ATP incubation, which resulted in the identification of the same, but unmodified, peptide. An additional control experiment was performed by incubation of an isotope-labeled ATP, also identifying Ser-37 or Thr-38 as the acceptor site based on the MS2 spectra (supplemental Fig. 1, D-F) . Unfortunately, in both cases, most of the obtained MS2 spectra lacked information about the y13-y14 and b4-b5 ions, which made it difficult to determine the exact location of the AMP group. To determine the exact acceptor site, we substituted either residue Ser-37 or Thr-38 with alanine before assaying the mutants for autoadenylylation activity (Fig. 6E ). Although CdFic S37A catalyzes self-labeling comparable with wild type protein, CdFic T38A is inactive, thus identifying Thr-38 as the AMP acceptor site. Two acceptor sites were previously mapped for NmFic with the primary acceptor site being Tyr-183 inside the inhibitory motif,-and an additional acceptor site, Tyr-188, located to the ␣ inh -␣Ј1 loop (21) . Superposition of NmFic and CdFic shows that residue Asn-32 in CdFic is situated in a position structurally equivalent to the Tyr-183 primary acceptor site in NmFic (Fig. 6F) . The lack of a hydroxyl acceptor at this position may thus explain why this is not a CdFic acceptor site. In contrast, the hydroxyl group of the Tyr-188 secondary acceptor residue in NmFic is structurally in the same position as the hydroxyl group of the Thr-38 acceptor residue in CdFic (Fig. 6, F and G) . As the Thr-38 side chain hydroxyl group of CdFic is positioned 15.5 Å away from the ATP ␣-phosphate and is solvent-exposed, autoadenylylation likely occurs intermolecularly and only after partial rearrangement of the ␣ inh -␣Ј1 loop (Fig. 6H) . Interestingly, the Thr-38 side chain forms hydrogen bonds to the side chains of Asp-61 and the dimerization loop residues Arg-56 and His-57. Hence, the disruption of the hydrogen bond between Thr-38 and His-57 in the H57A mutant could result in Thr-38 becoming more solvent-accessible, thereby explaining why this mutant shows a dramatic increase in autoadenylylation activity (Fig.   6A ). Although placed near the dimerization interface, the T38A mutant, like H57A, does not disrupt dimer formation.
Finally, Thr-38 is conserved in both HYPE and BtFic (Fig.  6E ), which suggests that these two Fic proteins could have autoadenylylation targets similar to CdFic. However, it was recently shown that autoadenylylation of the human Fic protein HYPE occurs outside of the Fic core domain (16) . Hence, CdFic is able to catalyze AMP transfer in vitro, and the autoadenylylation activity, in agreement with the CdFic SE/AA -ATP structure, is independent of the inhibitory motif.
Discussion
The results presented here characterize a novel adenylylating class II Fic domain protein from the important human pathogen C. difficile. This is the first Fic domain protein identified with autoadenylylation activity incompatible with the proposed model of inhibition for class I-III Fic domain proteins (21) . Although structurally similar to other Fic proteins and exhibiting the presence of ␣ inh , we show that wild type CdFic harbors in vitro autoadenylylation activity, which is not enhanced by introduction of point mutations in the inhibitory motif (Fig.  6A ). This is supported by the combined crystal structures of CdFic and CdFic SE/AA -ATP, which reveal that ATP is bound in a conformation that is not obstructed by the inhibitory helix (Fig. 1) . The structures of CdFic also provide evidence for a dimer formation and for the movements of the CdFic flap upon ATP binding. We have calculated the low resolution SAXS envelope of the dimer as well as shape reconstructions of the flap, representing the open/disordered conformation of the flap in solution. Superposition against the closed/ordered flap in the crystal structure of CdFic SE/AA -ATP complex highlights the large active site closure that occurs upon ATP binding (Fig. 4D) . Moreover, after prolonged incubation with ATP, SEC provides no indication of monomer formation of CdFic, suggesting that autoadenylylation does not disrupt the dimer (results not shown). In the active site, the base and the ribose adopt a canonical position, whereas the phosphates adopt a different path where ␥-phosphate coordination is not overlapping with the side chain of Glu inh in the inhibitory motif (Fig. 2, C and G) . Notably, the ␣and ␤-phosphates of the ATP are situated on the opposite side of the active site cleft compared with those seen in other Fic domains. This placement of the ATP phosphates is likely explained by the salt bridge formed between the ␣-phosphate and Arg-200 ( Fig. 2E) . No other structurally characterized Fic domains are shown to have a similarly positioned arginine in the Fic core on the opposite side of the active site relative to the conserved Fic motif (Fig. 2F) . In other structures published to date, the ␣-phosphate instead forms a salt bridge to the conserved asparagine in the GNG anion hole (Fig. 2D) .
Also, the Mg 2ϩ ion in other Fic-ATP-Mg 2ϩ structures is coordinated between the ␣and the ␤-phosphates. However, in the CdFic SE/AA -ATP structure, the Mg 2ϩ ion is instead coordinated by the ␤and the ␥-phosphates (Fig. 2C ). This type of Mg 2ϩ coordination seen in CdFic is in line with the suggested adenylylation reaction mechanism based on the crystal structure of the BepA-Mg 2ϩ -PP i complex where Mg 2ϩ -PP i appears to be a part of the product (23, 60) . Conversely, this particular Mg 2ϩ coordination is also seen in other ATP-binding enzymes where Mg 2ϩ chelates the ␥and ␤-phosphate groups to lower the threshold either for ␥-phosphoryl transfer to a nucleophilic (-OH) group or for hydrolyzing ATP to ADP to release energy to drive a subsequent reaction (61) .
We also attempted to soak wild type CdFic crystals with ATP, but because of limited diffraction quality of the crystals we did not succeed to obtain a crystal structure of this complex. However, the biological significance of the CdFic SE/AA -ATP structure is supported by the following observations. (i) A Mg 2ϩ ion is tightly coordinated in the active site. (ii) Replacement of Arg-200 with an alanine significantly reduces autoadenylylation activity, demonstrating the catalytic importance of this residue. (iii) The ATP molecule is not engaged in any crystal packing interactions. (iv) The same ATP conformation was seen in a 3.1-Å structure of the CdFic SE/AA -ATP complex (results not shown), which was solved independently of the presented 2.5-Å complex structure.
In further support of the inhibitory motif-independent mechanism of CdFic, we observe no differences in DSF binding assays of ATP to wild type CdFic and the CdFic SE/AA mutant (Fig. 5) . Recently, DSF was demonstrated as an important method for studying inhibitory motif dependence where the human class II Fic domain protein HYPE and its Glu inh mutant exhibited significant differences in thermal shifts (56) . HYPE is known to autoadenylylate as well as adenylylate the chaperone BiP, and both activities were shown to be highly dependent on the inhibitory motif (16) . Our CdFic DSF results are considerably different from those of HYPE because only ADP, but none of the triphosphate nucleotides or PP i , increases the stability of HYPE. In contrast, the Glu inh mutant of HYPE behaves similarly to both CdFic and CdFic SE/AA as ATP, ADP, and PP i produce the largest thermal shifts, whereas the pyrimidine nucleotides produce the smallest. We also tested other nucleotides in the same assay and found that ATP and ADP induce the highest thermal shifts, suggesting binding specificity for the adenosine base ( Fig. 5 ). In further support of this, we conducted autoadenylylation assays using radioactively labeled CTP and observed no self-labeling (Fig. 6B) . These results combined suggest that CdFic is an adenylylation factor in vivo with a nucleotide binding profile of CdFic independent of the inhibitory motif. The structural basis for the non-obstructed autoadenylylation reaction mechanism of CdFic is summarized schematically in Fig. 7 .
It is currently unknown what mechanisms and factors relieve the autoinhibition of class I-III Fic proteins. In addition, the autoinhibition observed in most studies was incomplete as Fic domains in general harbor activity in vitro although typically much less compared with the point mutants of the inhibitory motif ( Fig. 6D) (16, 28) . Although the autoadenylylation activity for both CdFic and CdFic SE/AA is low compared with NmFic E186G (Fig. 6D ), we observed a dramatic increase in activity upon the H57A substitution positioned in the dimerization interface (Fig. 6A ). This could be due to a disruption of the hydrogen bond between the side chains of residues His-57 and Thr-38, thereby making the acceptor site more easily accessible for autoadenylylation ( Fig. 6G) . Alternatively, although SEC reveals that H57A still forms a stable dimer in solution, the substitution may affect the conformation of the dimer. The importance of dimerization for autoadenylylation activity was recently demonstrated for human HYPE, which showed a dramatic decrease in activity when residues inside or near the dimerization loop were substituted (56) . Nevertheless, the increase in activity caused by the H57A mutant suggests that an activation mechanism that needs to take place before CdFic can carry out its function might exist and that this activation mechanism is different from the autoinhibition by ␣ inh .
The physiological protein target of CdFic remains unknown. Attempts to identify the target by incubating purified recombinant CdFic, CdFic SE/AA , as well as the more active CdFic H57A together with [␣-32 P]ATP and lysates of either human Caco-2 or C. difficile cells or with a broad selection of purified Rho-GTPases have so far been unsuccessful. Possibly, the protein target has to be found elsewhere, or an alternative activation mechanism that needs to take place before CdFic can carry out its function might exist. Despite showing that ATP binding and autoadenylylation by CdFic are independent of the inhibitory motif, we cannot rule out the possibility that the ␣ inh of CdFic might still have a function in inhibiting the adenylylation activity against the currently unknown target. However, this would be unusual because the ␣ inh is known to regulate both autoadenylylation and adenylylation in other Fic proteins with known protein targets, such as HYPE (16) and NmFic (62) .
In addition, we are unable to completely rule out that CdFic is a kinase or modifies a target protein with an ADP moiety. However, we have looked for possible kinase activity of CdFic in lysed Caco-2 cells with no positive outcome. Furthermore, using mass spectrometry, we detected an AMP moiety attached to Thr-38 of CdFic upon incubation with ATP ( Fig. 6E and supplemental Fig. 1 ), providing important evidence that the scissile bond is situated between the ␣and ␤-phosphates. The AMP acceptor site structurally aligns to one of the two AMP acceptor sites of the inhibitory motif-dependent NmFic (Fig. 6 , F and G). This strongly suggests that CdFic catalyzes adenylylation or AMPylation and that the unusual behavior of CdFic in relation to the inhibitory motif is not due to differences in the position of the acceptor site.
Currently, fewer than 10 other unique Fic domain structures with ATP in the binding site are deposited in the Protein Data Bank. Despite this very limited structural knowledge and the high conservation of the Fic motif, Fic domains have been shown to have high diversity. For instance, the Legionella effector AnkX (25) utilizes CDP-choline to catalyze phosphocholine modifications, whereas IbpA has affinity for both ATP and GTP (24) . These studies show that the Fic core, which contains weak sequence conservation, is able to confer additional specificity to a structurally conserved Fic motif evolved to coordinate the ribose and the phosphates of nucleotides. In line with this and because the conserved Fic motif in CdFic is structurally similar to other known Fic enzymes, the Fic core of CdFic likely alters the ATP binding of the Fic motif to overcome the obstruction by the inhibitory motif. These new insights into the first characterized Fic domain protein from a Gram-positive bacterium clearly illustrate the diversity of this very large family despite having the same structural fold. They also provide important steps toward revealing the mechanistic function, the protein target, and hence the physiological role of CdFic as well as the potential framework to identify possible other inhibitory motifindependent Fic domain proteins. 
